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Abstract
Dielectric and magnetic properties of SrTi1 xFexO3 were measured for a sin-
gle crystal sample(x = 0.0032) and a ceramic sample(x = 0.02). Tempera-
ture dependences of the dielectric constants were analyzed on the basis of a
Vendik's formula, which describes a quantum paraelectric state accurately. A
small amount of Fe impurities in the single crystal does not aect the character-
istic temperatures of the dielectric properties, but does aect the quality of the
crystal. This change in quality causes a large change in the dielectric constant of
the quantum paraelectric state. The temperature dependence of the dielectric
constant of the quantum paraelectric state of the ceramic sample is dierent
from that of the single crystal not only quantitatively, but also qualitatively.
The magnetic susceptibilities obey the typical Curie law, though a deviation of
the Curie law was observed below 5 K for x = 0.02. Crystals with the both con-
centrations remain in paramagnetic states at 2.5 K. The magnetic properties of
SrTi1 xFexO3 can, in all likelihood, be explained by the orientation eect of free
Fe3+ ions. In addition, an antiferroelectric interaction suggested for EuTiO3 by
an analysis of dielectric constants based on a Barrett's formula was turned out
to be unnecessary following analysis of the same data based on the Vendik's
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1. Introduction
Strontium titanate SrTiO3 (STO) has a cubic perovskite structure of space
group Pm3m at room temperature[1]. The Ti ion is surrounded by six oxygen
ions, which form an octahedron in a unit cell. Sr ions occupy corners of the unit
cell. STO undergoes a structural phase transition by a condensation of zone5
boundary R25 mode at 105 K [2]. The low temperature phase has a superstruc-
ture of space group I4/mcm [3]. In addition, STO shows a quantum paraelectric
behavior at low temperatures. The dielectric constant of STO increases with
decreasing temperature and saturates below 3 K [4]. The explanation of this has
been attributed to suppression of softening of the ferroelectric optical mode cou-10
pled with other optical modes by large quantum uctuations. This mechanism
leads to a well-known expression, Barrett's formula [5]. On the basis of hyper-
Raman scattering experiments, however, the quantum paraelectric state of STO
was discussed to be stabilized by the structural distortion[6, 7]. Recently, we
pointed out that the quantum paraelectric state is independent of the struc-15
tural distortion[8]. In addition, we showed that the dielectric constant at low
temperatures can be accurately described using Vendik's formula, which deals
with the ferroelectric mode coupled with acoustic modes [9]. It also contains
a measure of the density of defects and inhomogeneity. The low-temperature
dielectric constant cannot be accurately described by Barrett's formula, even20
after the introduction of this measure.
To study the possibility of an enhancement of the coupling between mag-
netism and dielectric properties, the dielectric constant of quantum paraelectric
EuTiO3 has been measured under a magnetic eld [10]. EuTiO3 has the per-
ovskite structure, which contains 4f spins of Eu2+ ions with S = 7/2 and d25
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itinerant electrons on the Ti4+ site. The enhancement is expected to occur
in the quantum paraelectric state, because the energy scale of the ferroelectric
soft mode is expected to be comparable with that of a magnetic interaction or
magnetic eld. The dielectric constant of EuTiO3 shows a critical decrease at
an antiferromagnetic ordering of the Eu spins at 5.5 K. Fitting the dielectric30
constant below 110 K to Barrett's formula indicated the existence of antiferro-
electric interaction, because of the obtained negative value of paraelectric Curie
temperature T0.
The insulating pure STO exhibits diamagnetic behavior in addition to the
quantum paraelectric behavior. The localized 4f magnetic moments of the Eu3+35
ions in doped STO are lower than those of the Eu2+ ions. However, it is still
interesting to investigate the magnitude of the magnetoelectric coupling in the
Eu3+-doped system to obtain detailed knowledge of the coupling. Recently,
these properties of Sr1 3x=2EuxTiO3 have been measured using ceramic sam-
ples with dierent Eu3+ doping concentrations [11]. The measured dielectric40
properties could be well explained by Barrett's formula. An anomalous dielec-
tric enhancement was observed in an x =0.005 sample, while dielectric sup-
pressions were observed in other samples with greater x values. On the other
hand, all the Eu doped samples exhibited doping concentration dependence of
paramagnetism.45
Fe ions with 3d magnetic moments doped STO are known to replace Ti4+
ions in doped STO [12]. In this paper, we made dielectric and magnetic mea-
surements of Fe-doped STO single crystal and ceramic samples to extend the
understanding of the eect of Fe doping on dielectric constants and magnetic
coupling. Analyses of dielectric constants are performed mainly on the basis of50
the Vendik's formula, which describes the quantum paraelectric state accurately.
2. Experimental details
The sample of SrTi0:9968Fe0:0032O3 used in our investigation was a Verneuil-
grown crystal. A 5  5  0.5 mm3 plate with mirror-polished (100) surfaces
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was supplied by Furuuchi Chemical. A ceramic sample of SrTi0:98Fe0:02O3 was55
prepared by means of a solid-state reaction between SrCO3, TiO2, and Fe2O3,
as described in Ref. [12]. A mixture with the appropriate amounts of these
materials was pressed into pellets and sintered at 1200 ? for 18 h. The pellets
were reground, pressed once more into pellets, and sintered at 1400 ? for 18 h.
Each pellet was cut and polished into a 5  5  0.5 mm3 plate. Electrodes with60
a typical area of 11.5 mm2 were formed on the surfaces by gold evaporation for
the dielectric measurements.
X-ray diraction patterns at room temperature were measured using a Rigaku
X-ray diractometer, RINT2500, with a graphite counter monochromator and
an X-ray generator with a rotating Cu anode. A powder sample was obtained by65
grinding the ceramic samples of SrTi0:98Fe0:02O3. The generator was operated
at 50 kV and 300 mA. A diraction pattern was measured between 20  and
140  at a scanning speed of 2 = 1.0 /min. Data were collected at every 2 =
0.02 . The (100) plate of single crystal SrTi0:9968Fe0:0032O3 was adhered to a
powder sample holder. The generator was operated at 40 kV and 20 mA. The70
diraction pattern was measured between 20  and 120  at a scanning speed
of 2 = 2.0 /min in -2 mode. Data were collected at every 2 = 0.01 .
The dielectric constants were measured using a precision LCR meter (HP
4284A) with an applied voltage of 500 mV. Measurements were performed for
both heating and cooling processes. The temperatures of the samples were75
controlled in the temperature region 4{325 K using a helium closed-circuit re-
frigerator (Daikin Industries, CG308SBR) [13]. An open-short-load correction
method was adopted for the LCR meter. The sample holder was also modied
to ensure more precise measurements as follows. Two pairs of co-axis cables
from the LCR meter, used for a four-wire method, were extended to the neigh-80
borhoods of the sample. The longer distance between the sample and the end
of each pair of co-axis cables was about 3 cm.
For the magnetic properties, the temperature dependence and magnetic eld
dependence of magnetizations were measured using a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design SP5000).85
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Least-squares tting calculations of Vendik's formula were performed us-
ing a computer program Gnuplot, where a recursive denition technique was
employed for an integral function; no approximate expressions of the integral
function were used. We also performed least-squares tting calculations of Bar-
rett's formula using another computer program KaleidaGraph.90
3. Results
X-ray diraction patterns of SrTi0:9968Fe0:0032O3 and SrTi0:98Fe0:02O3 are
delineated in Fig. 1(a) and (b), respectively. The patterns were measured at
room temperature to ascertain that there were no impurity peaks or structural
changes caused by Fe-ion doping. Diraction indices (hkl) are given taking a95
perovskite unit cell of space group Pm3m. Because a (100) plate of single crystal
was used for the former pattern, only the peaks with (h00) can be observed in
Fig.1(a). The patterns show that the doping did not cause impurity phases
or stractural changes. Fig. 2 indicates the dielectric constant " (real part) of
SrTi1 xFexO3 as a function of temperature at a frequency of 10 kHz measured100
for the (a) single crystal with x = 0.0032 along the direction [100] and (b)
ceramic sample with x = 0.02.
Magnetic susceptibilities measured at a magnetic eld of 0.02 T are delin-
eated in Fig. 3 as a function of temperature for the (a) single crystal with x =
0.0032 and (b) ceramic sample with x = 0.02.105
Figure 4 shows the magnetic hysteresis curves measured at 2.5 K for the (a)
single crystal with x = 0.0032 and (b) ceramic sample with x = 0.02.
4. Analysis and discussion
Temperature dependencies of dielectric constant " (real part) of SrTi1 xFexO3
have been analyzed on the basis of Barrett's formula and Vendik's formula. A110
normalized bias eld, B, and a measure of density of defects and inhomogene-
ity, S, were introduced to Barrett's formula in the same form, 
2 = 2B + 
2
S, as




Figure 1: X-ray diraction patterns of (a) SrTi0:9968Fe0:0032O3 and (b) SrTi0:98Fe0:02O3
measured at room temperature. A (100) plate of single crystal was used for (a), while a
powder sample was used for (b). Diraction indices (hkl) are given taking a perovskite unit
cell of space group Pm3m.
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Figure 2: Dielectric constant " (real part) of SrTi1 xFexO3 as a function of temperature
measured at a frequency of 10 kHz for (a) single crystal with x = 0.0032 along [100] and (b)
ceramic sample with x = 0.02.
Figure 3: Magnetic susceptibility of SrTi1 xFexO3 as a function of temperature measured
at a magnetic eld of 0.02 T for (a) single crystal with x = 0.0032 and (b) ceramic sample
with x = 0.02.
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Figure 4: Magnetic hysteresis curve of SrTi1 xFexO3 measured at 2.5 K for (a) single crystal
with x = 0.0032 and (b) ceramic sample with x = 0.02.
"(T ) =
C=T0p




2 + 3   
2=3  + "0; (1)
where C is a Curie constant, T0 is a paraelectric Curie temperature, and "0
is a temperature-independent constant, which is not included in the original115










where T is the sample temperature and kBT1 is an energy of other optical modes
that couples with the ferroelectric optical mode. kB is the Boltzmann constant.
Eqs. (1) and (2) agree with the original Barrett's formula for  = 0 and "0 = 0.120
















where kBTD is the highest energy of acoustic modes that couples with the fer-
roelectric mode.
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The results of tting these formulae to the data for the single crystal SrTi1 xFexO3
with x = 0.0032 are shown in Fig. 5 (a) and Table I. Our previous results [8] for125
a pure single crystal SrTiO3 are indicated in the gure by blue circles, and blue
and black lines for comparison. The obtained values are compared in Table I.
Fig. 5 (b) indicates the result of tting the formulae to the data for the ceramic
sample SrTi1 xFexO3 with x = 0.02. The result obtained for pure ceramic
SrTiO3 by Yu et al.[11] is delineated by the blue broken line in Fig. 5 (b) for130
comparison. The blue broken line was produced using the values obtained by
tting Barrett's formula to their observations, where the value of C was changed
to 7.95  104 K from 7.01  104 K in Table 2 of Ref. [11] to reproduce the
maximum " value of 2000 in Fig. 3(a) of Ref. [11].
Table 1: Comparison of values obtained for single crystal SrTi1 xFexO3 by tting Vendik's
formula. The numbers in parentheses indicate the standard errors. The values for x=0 were
obtained in our previous work [8].
SrTi1 xFexO3 C (K) 104 TD (K) T0 (K) "0 
x = 0 (Ref. [8]) 7.91 (5) 281 (2) 67.1 (5) 5 (2) 0.0098 (3)
x = 0.0032 (present) 7.735 (7) 281.6 (3) 63.84 (8) 67.3 (2) 0.0277 (2)
The maximum value of the dielectric constant of the single crystal with x =135
0.0032 was half that of the pure single crystal (x=0). In spite of such a dierence,
the characteristic temperatures, C , TD, and T0, are almost equal. The dierence
in the maximum values of the dielectric constants is caused by the three-fold
dierence in , the measure of the density of defects and inhomogeneity, which
was brought about by the doping with Fe ions. The dielectric constants of the140
ceramic with x = 0.02 are dierent from those of single crystals not only in their
temperature dependence but also in their maximum values as follows:
1. The temperature dependence of " obtained for x = 0.02 can be tted
well by both the Vendik's and Barrett's formulae. The tted curves were145
almost similar. The characteristic temperatures obtained changed moder-
ately from those obtained for the single crystal with x = 0.0032. However,
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Figure 5: (a) Comparison of ttings of Vendik's formula (red solid line) and Barrett's formula
(black broken line) to the dielectric constant " (real part) of single crystal SrTi1 xFexO3 with
x = 0.0032 along [100] measured at 10 kHz, where red open circles are plotted at every 50
data points. The blue open circles indicate our previous data for pure single crystal SrTiO3
[8]. The blue broken and solid lines are the results of tting Vendik's formula with =0 or
 6=0, respectively. The black broken line is the result of tting Barrett's formula with  6=0.
(b) Result of tting Vendik's formula (red solid line) to the dielectric constant " (real part)
of ceramic SrTi1 xFexO3 with x = 0.02 measured at 10 kHz, where observed data (red open
circles) are plotted at every 10 data points. Blue broken line indicates the data of pure ceramic
SrTiO3 measured by Yu et al.[11]. The line was produced using the values obtained by tting
Barrett's formula to their observations (see text).
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 changed drastically, to 38.9 and 27.6, respectively, which are 1400 times
and 125 times of those for the single crystal with x = 0.0032, respectively.
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2. The maximum value of the dielectric constant of the ceramic sample with
x = 0.02 was less than 1/11 times that of the pure single crystal (x =
0). However, the maximum value of the ceramic sample with x = 0 (blue
broken line in Fig. 5(b)) by itself is about 1/9 times that of the pure single
crystal.155
The results obtained for single crystals are more reliable than those for ceramic
samples, with regard to not only their temperature dependences, but also the
maximum values of their dielectric constants. In contrast to an enhancement of
the maximum value of the dielectric constant after doping the ceramic sample160
with small amounts of Eu, the maximum value of the dielectric constant is found
to decrease with 2 % Fe doping of the ceramic sample. The reason for this is that
the characteristic temperatures of 2% Fe-doped ceramic change signicantly in
contrast to the case of the single crystal with 0.32 % Fe doping, although the
temperature values for 2% Fe-doped ceramic sample are less reliable because of165
the extremely large values of .
Fig. 6 shows magnetic susceptibilities of SrTi1 xFexO3 as a function of in-
verse temperature measured at 0.02 T for the single crystal with x = 0.0032
(solid circles) and the ceramic sample with x = 0.02 (open circles), where sus-
ceptibilities for solid circles are enlarged ve times. The susceptibilities for x =170
0.0032 obey the typical Curie law, in contrast to the results for Sr1 3x=2EuxTiO3
and the diamagnetic behavior of pure SrTiO3. Magnetic hysteresis curves mea-
sured at 2.5 K (Fig. 4) indicate that both systems remain in a paramagnetic
state at 2.5 K. Magnetic moments in units of B per Fe ion are shown in Fig.
7 as a function of B/T , where B is the Bohr magneton. A broken line de-175
lineates the calculated magnetic moment caused by the orientation eect of a
Fe3+ free ion (J = 5=2 , where J is the total angular momentum) using a Bril-
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louin function. The observed values were well proportional to the calculation,
though the proportional constants for x = 0.032 and x = 0.02 were 0.4 and
0.64, respectively. The magnetic properties of SrTi1 xFexO3 can, in all likeli-180
hood, be explained by the orientation eect of free Fe3+ ions, in contrast to the
mechanism for the Eu3+ case with J = 0 .
Figure 6: Magnetic susceptibility of SrTi1 xFexO3 as a function of inverse of temperature
measured at 0.02 T for (a) single crystal with x = 0.0032 and (b) ceramic sample with x =
0.02.
The quantum paraelectric perovskite EuTiO3, which contains Eu
2+ ions with
J = S = 7=2 , shows antiferromagnetic ordering of the Eu spins at 5.5 K. The
dielectric constant shows a critical decrease below 5.5 K [10]. Antiferroelectric185
interaction was suggested to exist, because Barrett's formula with negative value
of T0 = {25 K could be tted well to the dielectric constant between 5.5 and
100 K, although no additional anomalies associated with the interaction could
be detected between 5.5 and 100 K.
To evaluate this analysis, dielectric constants were reproduced rst on the190
basis of Barrett's formula using the values obtained from the tting: The dielec-
tric constants were calculated by Eqs. (1) and (2) with C = 2.34  104 K, T1
= 162 K, T0 = {25 K, "0 = 181, and  = 0, which are shown in Fig. 8 by open
circles. These dielectric constants were analyzed by Vendik's formula, Eqs. (1)
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Figure 7: Magnetic hysteresis curve of SrTi1 xFexO3 per Fe ion measured at 2.5 K for (a)
single crystal with x = 0.0032 and (b) ceramic sample with x = 0.02. Broken line (c) is a
calculated curve for a Fe3+ free ion using a Brillouin function. B is the Bohr magneton.
and (3). The result of the tting is shown by the line in Fig. 8, which explains195
the reproduced values well. The obtained values were C = 1.33 (5)  104 K,
TD = 141 (5) K, T0 = 0.7 (20) K, "0 = 223 (3), and  = 8.5 (390)  102. A
positive T0 value was obtained, which means the no existence of antiferroelectric
interaction, though the error range for T0 was very large.
5. Conclusions200
A small amount of Fe impurities in single crystal of SrTi1 xFexO3 does not
aect the characteristic temperatures of dielectric properties, but does aect the
quality of the crystals. This change in quality causes a large change in the di-
electric constant of the quantum paraelectric state. Temperature dependence of
the dielectric constant of the quantum paraelectric state of the ceramic sample is205
dierent from that of the single crystal not only quantitatively, but also qualita-
tively. This indicates that the dielectric constants of ceramic samples observed
in quantum paraelectric states are less reliable compared to those observed in
single crystals. The magnetic susceptibilities for x = 0.0032 and 0.02 obey the
typical Curie law, though deviation from the Curie low was observed below 5 K210
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Figure 8: Dielectric constant of single crystal EuTiO3 as a function of temperature below
100 K. Open circles were obtained by calculations on the basis of values given in Ref. [10]
(see text). The line is a t of Vendik's formula.
for x = 0.02. Crystals with both concentrations remain in paramagnetic states
at 2.5 K. The magnetic properties of SrTi1 xFexO3 can, in all likelihood, be
explained by the orientation eect of free Fe3+ ions. An antiferroelectric inter-
action suggested for EuTiO3 by the analysis of dielectric constants based on the
Barrett's formula turned out to be unnecessary after analysis of the same data215
using Vendik's formula.
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